For a CO2 automotive air conditioning system, a combined design of compressor and expander was introduced in order to improve the cycle performance. Both of the compressor and expander are rotary vane types, and designed to share a common shaft in housing. Numerical simulation was carried out to evaluate the merit of the combined unit. At a typical automotive air conditioning operating condition with Tcooler-exit = 46.3oC and Teva = 7.5oC, COP of the system was calculated to be improved by 7.11% by the application of the combined unit. The compressor input was reduced by 4.11% by the expander output. and about 2.72% increase in the cooling capacity was obtained by isentropic expansion in the expander.
Introduction
Recently, demand for electric vehicles is increasing rapidly due to environmental concerns. One of the crucial facing problems for electric vehicles to become competitive in the market is that the driving distance with one charging is too short compared to those of conventional vehicles. Moreover, operation of air conditioning system reduces the driving distance more severely with electric vehicles than with conventional vehicles. In addition, using CO2 as a refrigerant for automobile air conditioning system is expected to reduce even further the driving distance, since the cycle efficiency of CO2 air conditioning system is lower than that of the current R134a systems. Since the current refrigerant R134a is already under the schedule to be phased-out due to its high GWP value, CO2 is considered to be one of the most prospective candidates for substituting R134a.
In this study, as a means of improving cycle performance of a CO2 vehicle air conditioning system, a combined unit of compressor and expander is introduced.
While the pressure difference between high side and low side of a conventional R134a cycle is about 15~25 bar, that of a CO2 cycle is increased by large amount to be 50~70 bar. The frictional loss in an expansion valve for the expansion process becomes relatively large. Substantial portion of such an expansion loss can be recovered and refrigerating effect can also be increased by replacing a conventional expansion device with an expander. Expander output power can either be used to produce electric power by employing generator, or it can be transmitted directly to compressor unit to save compressor input. In the present study, expander and compressor are made to share a common shaft in one housing so that the power transmission can be made more efficiently, since there would be no additional generator and motor losses involved. Fig. 1(a) and (b) respectively show a P-h diagram and a schematic layout of a CO2 air conditioning cycle. By using an expander expansion process is made to be isentropic (4→5s), rather than iso-enthalpic (4→5). Fig.2 shows a cross-sectional view of a combined expander-compressor. In one housing, an expander and a compressor are placed side by side, sharing a common crankshaft that penetrates their rotors. Both of the expander and compressor are rotary vane type as illustrated in Fig.3 (a) (b). The compressor has two sliding vanes, giving two discharging processes in one revolution and the expander has eight vanes in symmetric configuration with two inlets and two outlets. Main dimensions of the expander and the compressor are given in Tables 1. Oil separator is situated at the compressor discharge plenum, and separated oil from discharge gas is collected at the bottom of the discharge plenum. Due to the pressure differential between the oil reservoir and the motor chamber, collected oil is made to flow into an oil gallery inside the crankshaft, and then fed into various sliding surfaces.
Structure of a Combined Expander and Compressor
Design operating conditions are given in Table 2 and also in T-s diagram of 3. Performance Analysis
Compressor
Volume of the compression chamber is given by equation (1) sin (1) Gas pressure in the compression chamber is given by equation (2)
Mass flow rate of CO2 is given by equation (4), while that of oil flow is given by equation (5). 
Expander
The radius of the cylinder is given by equation (6), and the expansion chamber volume is obtained by equation (7). r r asin θ 6 V H r r dθ l θ l θ θ
For isentropic expansion, the pressure in an expansion chamber can be obtained as in equation (8), once the density m  is known.
The density m  in the expansion chamber is calculated as follows.
Enthalpy and vapor fraction are obtained as functions of pressure only along a constant entropy line. h h P; s (10a)
x x P; s (10b)
Indicated power of the expander, PV L , is calculated by integration of pressure-volume diagram, and the expander shaft output is obtained by subtracting the mechanical loss from the indicated power as in equation (11).
Electric power reduction for the compressor by the expander output and the increase in the cooling capacity by the expander are given by equations (12) and (13), respectively.
As a result, COP improvement in the expander-compressor unit is given by equation ( 
Calculation Results and Discussions
For the operating condition shown in Table 2 , numerical simulation was carried out on the performance of the expander-compressor unit. Calculated pressure diagrams were presented in Fig. 5(a) and (b) for the compressor and expander, respectively. Over-compression was shown for the compressor, and drawing loss took place in the suction process for the expander. Before crossing the saturation line, the pressure decrease was very steep, and became slow afterwards.
Reaction forces on the vanes were presented in Fig. 6 Performance of the combined expander-compressor unit was summarized in Table 3 . The expander output was 0.101 kW, and the cooling capacity increase was 0.17 kW. These altogether improved COP by 7.1%.
With changing the unit speed, COP improvement was calculated and presented in Fig. 7 . For the speed range lower than 3000 rpm, the compressor mass flow rate was calculated to be smaller than that of the expander. Since, for such case the expander is to slow down the compressor speed, the expander should be shut down and the flow needs to go through an expansion valve instead of the expander. With increasing the speed over 3000 rpm, the effects of the combined unit on the COP improvement decreased. Fig. 8 shows the changes of the compressor input reduction and the cooling capacity increment with increasing the unit speed. Fig.9 shows the effects of the evaporator temperature on the COP improvement. With increasing Teva, the COP improvement drops. For Teva  7.5oC where the compressor mass flow rate was smaller than that of the expander, the expander should not be run. 
Conclusions
In order to improve the performance of an automobile CO2 air condition system, a combined expander-compressor unit was introduced. Vane back pressure was set to assure no vane jumping for securing the unit performance.
Under design operating conditions, COP improvement was 7.1%. The contributions of the expander shaft output and the increase in the refrigerating effect to the COP improvement were 4.11% and 2.72%, respectively.
As far as the compressor mass flow rate is larger than that of the expander, the COP improvement becomes larger at lower operating speed and at larger pressure difference between the high and low side pressures.
